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Introduction

Abstract
Factors responsible for grain hardness in
sorghwn are not well understood. Therefore, a study
was undertaken t.o observe differences in the
developmental processes of three sorghum varieties
which vary in endosperm texture: hard, inte r mediate,
and soft. Grain samples were collected at 5 day
intervals beginning at 5 days after half-bloom
(DAHB) until physiological maturity (40 DAHB) and
prepared for viewing with scanning electron
microscopy and transmission electron microscopy.
Comparisons were made between vitreous and
floury endosperm portions of each variety and among
the three varieties. The major difference between
vitreous and floury endosperm was the degree to
which the protein matrix was present and
continuous. The protein matrix which surrounds the
starch granules form s at approximately 20 DARB.
The proportion of cells in the endosperm with a
continuous protein matrix corresponds to the
proporti on of vitreous endosperm in the mature
kernel. A sirnilar sequence of development was
observed in the hard, intermediate, and soft varieties.
However, the harder varieties appeared to develop
faster than the softer varieties. Differences between
hard and soft varieties were visible as early as 15
DAHB.
In the early stages of endosperm
development, the hard variety had a higher
concentration of protein bodies in the outer
endosperm tha n the softer varieties.
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Grain sorghum (Sorghum bicolor (L.) Moench) is
one of the primary food sources in the se mi·arid
t ropi cs of Africa and Asia. Sorghum improvement
programs in these areas are therefore, concerned
with sorghum as a food crop. A number of food
quality criteria have been identified , and it appears
that the majority of these quality criteria are direc tly
affected by the endosperm texture of the sorghum
grain (Rooney and Sullins, 1977; Boling and Eise ner,
1981; Mukuru et al., 1981; Scheuring et al., 1981;
Doggett, 1981).
The microstructure of sorghum endosperm has
been documented by several resea rchers (Hoseney et
al., 1974; Rooney and Miller, 1981 ; Rooney et al.,
1983). The starchy endosperm of so rghum consists of
vitreous an d floury regions with th e mi crostructure
differing between the two. The vitreous endosperm
contains polygonal starch granules surround ed by
protein bodies a nd a protein matrix with a continuous
interface existing between starch a nd protein.
Numerous protein bodies are embedd ed in the protein
matrix which make indentations in the starch
granul es. In contrast, the floury endosperm consists
of loosely packed cells with spherical starch granules .
The protein matrix is discontinuous, a nd air spaces
exist between the cell components. Occasionally
protein bodies are embedded in protein matrix.
Endosperm texture is often referred to as the
proportion of vitreous to floury endosperm in the
kernel (Rooney and Murty, 1981; Roon ey and Miller,
1981).
The predominant structures in starchy
endo sperm cells are the starch granules, the protein
bodies, and the protein matrix.
Transmission
electron micrographs show sorghum protein bodies to
be membrane bound and spherical, having a darkly
stained core and concentric rings which indicate a
lamellar structure (Seckinger and Wolf, 1973). The
protein bodies appear to be composed primarily of
kafirin (Hoseney et al. , 1974; Sullins and Rooney,
1974). In ultrastructure studies of developing maize
seeds, protein bodies have been observed at the
middle and ends of the rough endoplasmic reticular
(RER) cisternae (Khoo and Wolf, 1970). Biochemical
studies have shown that t;bosomes isolated from
maize protein body membranes can syn thesize zein,
the maize prolamin (Burr and Burr, 1976), and that
protein body membranes are continuous with the
RER (Larkins and Hurkman, 1978).
These
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observations supply strong evidence that the storage
proteins are synthesized on the RER, and then
deposited within the lumen of the RER where they
aggregate. Transmission electron microscopy (TEM)
of developing sorghum seeds has shown sorghum
protein body synthesis to proceed in the same manner
(Taylor et al., 1985; Seckinger and Wolf, 1973).
The origin and composition of the sorghum
pro~in matri~ is not as clearly defined as the protein
bodies. Seckmger and Wolf (1973) have shown it to
be composed of a number of alkali soluble proteins.
Sodium
dodecyl
sulfate
polyacrylamide
gel
electrophoresis (SDS-PAGE) and isoelectric focusing
of sorghum glutelins (Taylor et al., 1984) and SDSPAGE of maize glutelins (Wilson et al ., 1981) have
shown them to consist of many proteins rather than a
discrete group, as with prolamins.
Although cereal chemists recognize sorghum's
endosperm texture as an important food quality
property, the biochemical basis of the property is not
understood. This study was undertaken to observe
differences in development among sorghums of
varying hardness in an attempt to more fully
understand the phenomena of sorghum endosperm
hardness and the factors responsible for it.

Materials and Methods
Several sorghum varieties had been tested for
grain hardness in previous years by various methods
(!Grleis and Crosby, 1981; G. Ejeta, unpublished).
Based on these results three sorghum varieties with
hard, intermediate and soft endosperm texture were
selected for this study. SC283-14 (hard), P721N
(intermediate), and NSA740 (soft) were grown at the
Purdue University Agronomy Farm at West
Lafayette, Indiana during the 1987 crop season.
Grain samples were collected at 5 day intervals
beginning at 5 days after half-bloom (DAHB) and
continuing to 40 DARB or physiological maturity.
After hand harvesting, samples to be used for
electron microscopy were kept cool on ice and taken
to the laboratory. In the laboratory, grain was cut
transversely into 1-2 nun pieces with a razor blade
and fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer, pH 6.8 at 4' C.
Scanning Electron Microscopy CSEMl
Glutaraldehyde fixed material was washed with
0.1 M phosphate buffer, pH 6.8, and dehydrated in a
graded ethanol series, 20 min each in 15, 30, 50, 70,
90, 95 and then 100%. Samples were critical-point
dried from C02 on a Lauda K-2/RD critical point
dryer. Kernels were sliced or fractured with a razor
blade and attached to an aluminum stub with double
stick tape. The samples were coated with gold
palladium (13.3 Pa vacuum, 10 rnA voltage) in a
Technics Hummer 1 sputter coater and viewed in a
JEOL JSM-840 Scanning Microscope with an
accelerating voltage of 10-15 kV. Three to six kernels
were observed per variety per collection date.
Transmission Electron Microscopy (TEM)
Glutaraldehyde fixed tissue was rinsed in 0.1 M
phosphate buffer, pH 6.8. Tissue was post fixed with
2% osmium tetroxide in 0.05 M phosphate buffer, pH
6.8, for 4 hr. Tissue was rinsed in deionized water
and stained overnight in 1% uranyl acetate (aqueous,
unbuffered). Tissue was again rinsed in dewnized
water and dehydrated in a graded ethanol series, 20
min each in 10, 30, 50, 70, 90, 95 and then

Table 1. Physical characteristics and protein content
of mature sorghum grain*
NSA740
P721N
(soft)
(intermediate)

SC283-14
(hard)

100-seed
weighta
(g)

2.66±0.02

2.95±0.01

2.36±0.06

Densityb
(g!ml)

1.10±0.00

1.25±0.01

1.35±0.01

Stenvert
Hardnessa
(sec)

7.1 ±0.1

23.2 ±1.5

44.2 ±0.1

Vitreousnessc
(%)

13 ±12

64 ±11

79 ±8

Proteinb
(%)**

13.81±0.13 11.12±0.01

13.19±0.00

*Values reported are means± standard deviation for
three (a), two (b). and 15 (c) replications.
** % Protein reported on a dry weight basis (Nitrogen
X 6.25).
100%. The tissue was then placed in transitional
fluids consisting of the following proportions: 1:3, 1:1,
and 3:1 acetone to ethanol. Each transfer lasted 30
min. The tissue was then held for two 30 min
changes in 100% acetone (Dawes, 1984). Tissue was
embedded in a low-viscosity embedding media (Spurr,
1969). Polymerization was carried out in an oven at
70' C for 24 hr. One hundred mesh, copper grids were
prepared with fonnvar membranes and carbon
coated. IDtrathln silver sections from embedded
material were cut with a diamond knife on a Reichert
Om U3 ultramicrotome. Sections were placed on the
prepared grid, post-stained with 0.1% lead citrate and
then viewed in a Philips EM 200 at 60 kV. Four
kernels per variety per collection date were observed.
Grain Hardness Determination
Grain hardness was determined by the Stenvert
grinding resistance test (Stenvert, 197 4). Mature
grain was conditioned in a humidity chamber to
approximately 12.5% moisture (chamber conditions:
27'C, 66% RH). Twenty gram samples of each variety
were prepared in triplicate and ground with a GlenCreston 14-580 mill (Maywood, New Jersey). This
swinging hammer mill has a grooved grinding
chamber fitted with a 2.0 mm aperture screen. A
milling speed of 3,600 rpm was used and the time
(sec) required to collect 17 ml of ground meal was
recorded as an index of grain hardness.
Percent Vitreousness Determination
Thirty mature kernels were placed in a 2.54 em
diameter plastic cup with the germ tip to panicle axis
in the horizontal position. A low-viscosity embedding
media (Spurr, 1969) was slowly added to a depth of 1
em and allowed to polymerize overnight at 65' C.
Longitudinal cross sections parallel to the germ face
of the embedded kernel were prepared by sanding
with 60- and 100-grit sandpaper until the largest
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Figure 1: Scanning electron micrograph montage of sorghum variety P721N at 15 DARB: ~)outer region of
kernel; b) intermediate region of kernel; c) central region of ~ernel (all at same magruficatwn, see bar In c).
PC = pericarp; A =Aleurone; SG =starch granule; PB = protem body; CW = cell wall.

area of the floury endosperm was brought to the
surface. The largest area of the floury endosperm can
be seen by holding the cup close to a light. Correctly
positioned and sectioned kernels have a small part of
the germ exposed. Sectioned kernels with no germ
exposed or which were out of position were not
measured. Percent vitreous endosperm area was
measured on the Zeiss Videoplan image analyzer
(Carl Zeiss , Thornwood N.Y.) according to the
procedure described by !Grleis et al. (1984).
Kernel Density and Weight
Forty-gram, mature grain samples were
conditioned to 12.5% moisture as before. Kernel
volume was determined by displacement of ethanol in
a 50 ml burette, and kernel densities (gm/cm3) were
calculated as the sample weight divided by the
volume (cm3). Kernel weight was detennined in
triplicate from 100-seed samples.

Mature Grain Characteristics
Physical characteristics and protein content of
the mature grain are presented in Table 1. The
results show that the three varieties used in our
study were characteristic of typical hard,
intermediate, and soft varieties of sorghum (Kirleis
and Crosby, 1981). As grain hardness increased,
percent vitreousness and density also increased.
Percent total protein values did not follow any
pattern. NSA740 (soft) contained the highest percent
protein followed by SC283-14 (hard) and then P721N
(intermediate).
Microstructure of Vitreous and Floury Regions in
Developing Endosperm

The three varieties were compared from 10
DARB to 40 DARB to determine at what stage the
endosperm differentiates into vitreous and floury
regions and whether the general microstructure of
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Figure 2: Scanning electron micrograph montage of sorghum variety P721N at 20 DARB: a) outer region of
kernel; b) intermediate region of kernel; c) central region of kernel (all at same magruficat10n, see bar 1n c).
PC = pericarp; A = Aleurone; SG = starch granule; PB = protein body; CW = cell wall.

rer·

the vitreous and floury endosperm
ons differ.
SEM was used to observe the periphera endosperm
to the central endosperm and micrographs were
recorded as a montage. The general morphology of
the predominant structures (starch granules, protein
bodies, and protein matrix) and the process of
endosperm differentiation during development were
very similar for the sorghum varieties studied. In
order to follow the process of endosperm
differentiation; montages for P721N, the intermediate
variety, are shown at four stages of development (15 ,
20, 25, and 40 DARB). The stages of endosperm
development in this variety were typical of all three
sorghum varieties studied. At 15 DARB, the pericarp
and seed coat
on composed approximately one
third of the kerne radius (Figure 1a). The pericarp
cells were fully expanded with visible amyloplasts
which contained compound starch granules. The
endosperm composed only the middle two thirds of
the kernel at 15 DARB (Figure 1b and 1c). Both the

starch granules and the protein bodies were visible.
All starch granules appeared to be simple; and the
outer endosperm contained more protein bodies than
the central endosperm.
At 20 DAHB, the pericarp which had occupied
one third of the kernel radius was compressed by the
expanding endosperm and now composed only a small
proportion of the kernel radius. The starch granules
enlarged, resulting in a tighter packing of the cell
components in the outer regions of the endosperm.
This caused the starch granules in the outer
endosperm region to take on a polygonal shape
(Figure 2a). The enlarging starch granules also
pushed the protein bodies together into the remaining
cellular space. The central endosperm cells, while
containing some polygonal starch granules, were less
tightly packed and contained fewer protein bodies
than the outer endosperm cells (Figure 2c).
By 25 DARB, dramatic changes had occurred in
the kernel (Figure 3). The pericarp continued to be

rer·
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Figure 3· Scanning electron micrograph montage of sorghum variety P721N at 25 DARB: a) outer region of
kernel; b) intermediate region of kernel; c) central region of kernel (all at same magnification, see bar in c).
PC =pericarp; A =Aleurone; SG =starch granule; PB = protein body; CW =cell wall.

packing was quite tight, the protein bodies caused
deep indentations on the surface of the starch
granules, and the matrix was continuous (Figure 4a
and 4b). The central endosperm cells remained
loosely packed with a discontinuous matrix (Figure
4c).
At physiological
maturity, the percent
vitreousness in each of the three varieties coincided
approximately with the relative area of endosperm
with a continuous structure.
In SC283-14, the
hardest variety, a high proportion of kernel area had
a continuous structure which reached to the center of
the kernel (Figure 5). In P721N, an intermediate
proportion of the kernel area had a continuous
structure (Figure 4); and in NSA 740, a soft, floury
variety, only a very small area at the periphery of the
kernel was composed of tightly packed cells (Figure
6).
The major difference between the vitreous and
floury endospenn in all three varieties was the

compressed by the expanding endosperm. The starch
granules continued to enlarge resulting in large
polygonal starch granules causing the cells to become
tightly packed in the outer endosperm (Figure 3a).
The protein bodies became buried in a protein matrix.
The combination of large starch granules, numerous
protein bodies, and protein matrix in the outer region
of the endosperm formed a continuous structure
(Figures 3a and 3b). The central endosperm was less
packed, and the starch granules remained more
spherical (Figure 3c). While Figure 3 shows a more
vitreous kernel, there was typically a clear
differentiation
between
vitreous
and
floury
endosperm regions at this stage. Little change was
observed in the outer and central endosperm regions
after 25 DARB.
At 40 DARB, flattened peripheral cells were
observed in the subaleurone region of the endosperm
(Figure 4a). These cells contained a large number of
protein bodies and few starch granules. The cell
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Figure 4: Scanning electron micrograph montage of sorghum variety P721N at 40 DAHB: a) outer region of
kernel; b) intermediate region of kernel; c) central region of kernel (all at same magnification, see bar in c).
PC = pericarp; A = Aleurone; SG = starch granule; PB = protein body; CW = cell wall.

existence or absence of a continuous protein matrix.
While the vitreous endosperm of the hard variety
(SC283-14) did appear to be more tightly packed than
the vitreous endosperm of the soft variety (NSA740),
the morphology of the two was generally the same.
That is, they contained polygonal starch granules and
protein bodies embedded in a protein matrix.
The boundary between vitreous and floury
endosperm regions was not clearcut. The outer
regions of the endosperm had a high proportion of
tightly packed cells while the intermediate region
contained a combination of tightly packed and loosely
In the center of the kernel the
packed cells.
endosperm cells had a higher proportion of loosely
Sacked cells (Figures 4, 5, and 6).
eguence of Protein Development
The sequence by which protein structures
developed in the endosperm did not differ among the
three sorghum varieties studied. By 15 DAHB,
protein body fonnation was observed. We observed

high concentrations of relatively small protein bodies
buried in a stranded structure (Figure 7). This
structure, which had a beaded appearance at higher
magnification, stretched between the starch granules
and was clearly associated with the protein bodies
(Figure 8). As can be seen in Figure 9, the beaded
strand structure surrounded the protein bodies. In
all cases, rrotein matrix formation followed the
initiation o protein body synthesis. Depending on
the variety, a protein matrix which encased the
protein bodies and surrounded the starch granules
was formed between 20 and 30 DAHB (Figure 10).
Differences in kernel development were
observed between the vitreous and floury endosperm
regions. Development in these two regions proceeded
as follows: The protein bodies and associated beaded
strands were apparent throughout the endosperm at
15 DAHB in all varieties but the outer endosperm
regions appeared to have more of these structures
than other parts of the endosperm (Figure 1).
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~Scanning

electron micrograph montage of sorghum variety SC283-14 at 40 DARB: a) outer region
of kernel· b) intermediate region of kernel; c) central region of kernel (all at same magnification, see bar in c).
PC = pericarp; A = Aleurone; SG = starch granule; PB = protein body; CW = cell wall.

Between 20-30 DARB, the protein matrix became
visible in the outer endosperm region (Figure 3). Its
formation was identified by a continuous structure in
the outer endosperm regions and a discontinous
structure in the center of the kernel (Figure 3 and
Figure 4). In the central endosperm region of the
kernel, beaded strand structures without protein
matrix were observed even at 40 DARB (Figure 11).
While the developmental sequence of the
observed protein structures did not differ among
varieties in temporal sequence, the concentrations
and times of appearance were different.
The
concentrations of protein bodies and beaded strands
that exist within the kernel varied among varieties.
At 15 DARB the hard variety, SC283-14, contained
the highest concentration of protein bodies and
beaded strands extending throughout the outer and
central endosperm. The intermediate (P721N) and
soft (NSA740) varieties had protein bodies and
beaded strands only in the outer endosperm regions.

In the central endosperm these structures were
scarce or absent. The beaded strands were apparent
until the appearance of the protein matrix.
The time when the protein matrix was first

::~ze1o!~~i~~ !::'s no\s~~~i~st 20InD~83 · t;
0

1

P721N, it was formed by 25 DARB, and in NSA740 it
formed between 25 and 30 DARB. As was previously
mentioned, the proportion of kernel area consisting of
protein matrix differed among varieties.
A

~~~!~u~r· t~~o~~~cia~;s ";;~~~~!dtei~de~d~3~:
(Figure 5). In P721N (Figure 4) and NSA740 (Figure
6) the matrix was found only in the outer endosperm.
The central endosperm of these varieties displayed
either a discontinuous matrix or the complete absence
of matrix. The endosperm area with a continuous
protein matrix corresponded to the proportion of
vitreous endosperm in the mature kernel.
As
mentioned above, beaded strands were still visible in
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~Scanning electron micrograph montage of sorghum variety NSA740 at 40 DARB: .al outer region of

kernel; b) intermediate region of kernel; c) central region of kernel (all at same magruficat10n, see bar 10 c).
PC = pericarp; A= Aleurone; SG =starch granule; PB =protein body; CW =cell wall.

had a low concentration of protein bodies and other
cell organelles and a sparse cytoplasm (Figure 12).
However, the central endosperm of SC283-14 did
have a higher concentration of cell components
(starch granules, protein bodies and cell organelles)
compared to NSA740.
In contrast, the outer
endosperm of both NSA740 and SC283-14 went
through major changes between 15 and 25 DARB. To
document these changes and identify structures
related to protein matrix formation, TEM and SEM
micrographs of endosperm at similar stages of
development were compared. At 15 DARB, the outer
endosperm cells contained a high concentration of
RER (Figures 13 and 14). The RER appeared to be
associated with the protein bodies and in some cases
was continuous with the protein body membrane.
The protein bodies were separated from one another
by cytoplasm (Figure 14). There was an abundance of
mitochondria present in the outer endosperm cells
and ribosomes were observed surrounding each

the floury endosperm regions of P721N and NSA 740
at40 DARB.
Formation of Matrix Protein
The ultrastructures of the outer and central
endosperm ref' ons were viewed with TEM to observe
developmenta differences between the vitreous and
floury endosperm.
Since structural differences
between vitreous and floury endosperm were
observed with SEM in all varieties between 15 and 30
DARB; 15, 20, and 25 DARB kernels from SC283-14
and NSA740 were examined with TEM. Thirty
DAHB samples of the two varieties were not observed
due to the difficulty in preparing hard, almost mature
kernels for TEM. Special attention was given to the
changes occurring in the outer and central endosperm
cells and especially to the formation of the protein
matrix. In both varieties no major structural changes
occurred in the central endosperm region between 15
and 25 DARB. In general, the central cells had no
structures resembling a protein matrix. These cells
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Figure 7: Scanning electron micrograph of beaded strands and protein bodies in P721N sorghum endosperm
at 15 DARB. SG = starch granule; PB =protein body; BS =beaded strands.
Figure 8: Scanning electron micrograph of beaded strands and protei n bodies at high magnification in P721N
at 15 DARB. SG = starch granule; PB = protein body; BS = beaded strands.
Figure 9: Scanning electron micrograph of beaded strands and protein bodies at hi gh magnification. PB =
protein body; BS = beaded strands.
TI~ Scanning electron micrograph of continuous protein matrix in P721N sorghwn endosperm at 25
DARB. SG = starch granule; PM = protein matrix.
Figure 11: Scanning electron micrograph of beaded strands in NSA 740 central endosperm at 40 DARB. SG =
starch granule; BS = beaded strands.
Figure 12: Transmission electron micrograph of SC283-14 central endosperm at 15 DARB. SG = starch
granule; PB = protein body; CW = cell wall.
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Figure 13: Scanning electron micrograph of SC283-14 outer endosperm at 10 DAHB. PB =protein body; er =
endospla smic reticulum.

Figure 14: Transmission electron micrograph of SC283-14 outer endosperm at 15 DAHB. PB =protein body;
er = endoplasmic reticulum.
Figure 15: Scanning electron micrograph of forming protein matrix and protein bodies in SC283-14 outer
endosperm at 20 DAHB. SG = starch granule; PB =protein body.
figure 16: Transmission electron micrograph of dense cytoplasm and protein bodies in SC283-14 outer

endosperm at 20 DAHB. PB =protein body.
Figure 17: Scanning electron micrograph of P721N corneous endosperm at 30 DAHB. SG

=starch granule; PB

=protein body; PM ::::protein matrix.

Figure 18: Transmission electron micrograph of SC283-14 corneous endosperm at 25 DAHB. SG = starch
granule; PB = protein body; PM = protein matrix.

Development of Sorghum E ndosperm
protein body. By 20 DARB, the protein bodi es and
the starch granules had enlarged and created a
tightly packed cell structure (Figure 15 and 16). The
very dense cytoplasm of the cells at the periphery of
the outer endosperm appeared to be aggregating, and
the RER and mitochondria had lost their distinct
membrane
structure
and
appeared
to
be
deteriorating. By 25 DARB, the enlarged protein
bodies and starch granules ha d compressed the dense
cytoplasm which contained deteriorating RER and
mitochondria into a darkly stained, amorphous
matrix that encased the protein bodies and tightly
surrounded the starch granules (Figure 17 and 18).

Sorghum endosperm consists of a vitreous and a
floury region. The difference in appearance between
these two regions has been attributed to differences
in cell packing and their effects on the diffusion of
light. As can be seen from the montages and has
been previously stated in the literature (Rooney and
Miller 1981), vitreous endosperm has a continuous
structure. This continuous structure prevents the
diffusion of light which gives the vitreous endosperm
a translucent appearance. The floury endosperm
portions have a discontinuous structure causing the
diffusion of light. The continuous or ti ghtl y packed
structure of the cells decreases from the subaleurone
to the central endosperm. This decrease in packing
varied according to the hardness of the variety.
Kirleis and Crosby (1981) found that hardness is
highly correlated (r = 0.95) with percent vitreousness.
In addition the relationship between kernel density
and hardness may be ex pl ai ned by the existence of
tightly packed cells and cellular components in the
vitreous regions of the endosperm.
By examining SEM a nd TEM micrographs at
comparable stages of development, it is likely that the
beaded strand structures associated with protein
bodies which were observed by SEM in the first
stages of protein development were RER with a

~?~l~~

f!

~reedoncrob~~~d !t~es~~ s;~sct~~~

observed with TEM. Possible explanations may be
that the beading is actually an artifact of the tissue
preparation process.
While certainly some
cytoplasmic material was deposited on the existing
cellular structures during tissue preparation in the
form of debris, it is doubtful that such an extensive
network of beaded strands is an artifact of tissue
preparation. If the beaded strands do represent RER
with some of the beads being budding protein bodies,
such structure could only be observed in TEM when
sections are cut in a plane parallel to a cisternae
where budding is occurring. A large number of
sections at many different angles to the specimen
would need to be cut in order to ensure observation of
such a structure in TEM. The high concentration of
beaded strands in areas of the endosperm where
protein bodies later develop and their continuity with
the protein bodies are characteristic of RER as seen
in the TEM micrographs. The beaded strands in
many cases appeared to surround the protein bodies.
This structure is consistent with the mode of protein
body synthesis in maize that was suggested by
Larkins and Hurkma n (1978 ). They proposed that
prolamins are synthesized by ribosomes and injected
into tl1e lumen of the RER. The appearance of high
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concentrations of protein bodies in the regions that
later developed into hard endosperm explains the
observations of Kirleis and Crosby (1981), who found
that percent kafirin of total protein and grain
hardness were highly correlated.
We observed that the major difference between
the vitreous and the floury endosperm is the
formation of a continuous protein matrix. The
vitreous
endosperm
proceeded
through
a
developmental process which began with the
appearance of RER and protein bodies followed by the
formation of a protein matrix. The development of
floury endosperm began with the appearance of RER
and a few protein bodies, but a continuous protein
matrix is never formed . In a light microscopy study,
Sanders (1955) observed the compression of
cytoplasm into a thin film around the starch granules
and cell wall during sorghum kernel development.
Wa ll et al. (1988) have also suggested after
immwlocytochemical studies in maize that the
glutelin proteins which make up the protein matrix
are derived from cytoplasmic albumin and globulin
proteins which formed disulfide-linkages during the
latter stages of development. This is in agreement
with our TEM findings, in that the protein matrix
appears to be composed of cytoplasmic material which
has deteriorated, condensed, and been compressed by
the enl arging starch granules and protein bodies.
We observed no differences in morphology or
development of the vitreous and floury regions among
the varieties s tudied. However, concentrations of the
observed cell components did differ. For example, in
SC283-14, high concentrations of protein bodies
extended throughout the entire endosperm.
In
con trast protein bodies were scarce or absent in the
central endosperm region of the softer varieties. In
addition, the protein matrix gradient which existed
within each kernel differed according to the percent
vitreousness of the mature kernel. The portion of
endosperm region with a continuous protein matrix
corresponded to the proportion of vitreous endosperm
in the mature kernel. Differences in the rate of
kernel development were also observed. The hard
sorghum (SC283-14) was the first variety to form a
protein matrix followed by the intermediate, (P72 1N)
and then the soft (NSA740 ) variety.
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Discussion with Reviewers

R.C. Hoseney: The figures showing floury endosperm
in this manuscript are quite different from those in
the lite rature where the grain has dried naturally.
Do you think this is because of the fixing procedure
you used or are there other reasons?
Authors:
Most of the published work showing
micrographs of floury endosperm has been done on
mature grain which was dried naturally in the field.
All micrographs presented in this manuscript were of
developing grain so that kernels were at high
moisture contents before sample preparation. Since
these samples were not fully developed, it may be
that naturally dried, mature grain appears different
due to changes that occur in structure as the kernel
dries down in the field. Previously published work of
sorghum
endosperm
has
typically
included
micrographs of low magnification.
The high
magnification nticrographs presented in this
manuscript may show more detail and consequently
may account for some of the differences between our
work and that in the literature.
J.R.N Taylor: Concerning the fixation procedures for
SEM, glutaraldehyde only reacts with lysine residues
in proteins and kafirin contains virtually no lysine.
Aqueous ethanol is a solvent of prolantin proteins.
Therefore, what is the likelihood that part of the
protein bodies were solubilized during the
preparation procedure producing artifacts with
regard to matrix continuity?
Authors· Glutaraldehyde has been shown to react
with lysine,
tyrosine,
tryptophan, histidine,
phenylalanine and sulfhydryl residues (Hopwood,
1968). Although kafirins are low in lysine, they are
relatively high in tyrosine, phenylalanine, and
sulfhydryl residues so glutaraldehyde would be an
effective fixative. Kafirin proteins are soluble in
aqueous alcohol with a maximum extractability
occurring at 60% tert-butanol. To minimize any
solubilization of !rotein bodies, the dehydration
process was carrie out as quickly as possible but still
ensuring complete dehydration. Samples were only
held in 40% - 90% alcohol, where kafirins are soluble,
for 1 hour. Since particle sizes were much larger
than in normal extraction procedures and fixation of
tissue had already taken place, the risk of
solubilization of prolamins was minimal.

J.R.N. Taylor: How did the endosperm structure
appear at 10 days after half bloom?
Authors: At 10 DAHB, small starch granules (-5 ~)
and protein bodies were present. There were fewer
protein bodies than in the 15 DAHB kernel. There
were higher concentrations of protein bodies in the
outer endospenn than in the central endosperm. At
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higher magnifications, the stranded structure could
be observed and small protein bodies were associated
with it.
J .R.N Taylor: What is the situation concerning
protein matrix continuity in high-lysine sorghums,
for example P721Q the soft endosperm opaque
varient of the intermediate sorghum used in this
study?
Authors: To our knowledge, there has been no
published work comparing protein matrix continuity
in P721N and P721Q.
G.M Glenn:
Do we know how much of the
intracellular material was disturbed while cutting
and processing the sample?
Authors: The kernel was sliced open to expose
endosperm during fixation, dehydration and criticalpoint drying. A fresh fracture was then made after

f[~~~~~~; ~ha~r~:~~i~~f:c~il~::s~U:~~afe~la~ab:~~

removed during the fracturing process; however,
extreme care was taken while handling samples
during
sputter-coating
to
minimize
further
disturbance. Intracellular disruption is likely to be
greater in the early stages of development than in
later stages because dried matrix, which holds
cellular components in place, has not yet formed.
G.M. Glenn: Why was only electron microscopy used?
Light microscopy would have allowed the authors to
~~EM. the tissue in a less disturbed state compared
Authors: In an effort to keep the manuscript to a
managable size, light microscopy data was not
included in this manuscript. However, SEM, TEM
and light microscopy were used in the original study.
In general, all conclusions drawn in this manuscript
from scanning and transmission electon micrographs
were reinforced by the light micrographs.
G.M. Glenn· If SEM is to be used as a tool to study
the intracellular structure, why wasn't freezefracturing of fixed tissue attempted?
Authors· While freeze-fracturing may have been a
useful method for observing intracellular structure,
the authors felt that it was unnecessary since both
light microscopy and TEM were being used.
G.M. Glenn: Why did the authors not view unfixed
mature grains using SEM?
Authors: Unfixed mature grains were observed in
preparation for this study. However, these data were
not included in an effort to keep the manuscript to a
managable size. There was little difference between
the 40 DAHB samples and the mature, unfixed
samples.

D.B. Bechtel:
Why weren't your SEM samples
osmicated to stablize them prior to critical point
drying?
Authors· Osmium tetroxide acts not only as a fixative
of cytoplasmic detail but also as a stain.
A
disadvantage

of osmium

tetroxide

is

its

poor

penetration power which decreases as specimen size
increases. Since osmium tetroxide was not needed as
a stain and SEM specimens were larger than the
suggested 0.5 mm thickness, osmium tetroxide was
not used as a post-fixative.
D.B. Bechtel: There is obviously much more between
the pericarp and endosperm in young caryopses of
sorghum. The caryopses coat is a complex set of
different tissues that undergo major modifications
during development. Since you only r efer to the
pericarp, could you provide dimensions for the two
seed coats, and nucellar tissues and explain the fate
of these tissues during growth?
This study was focused on sorghum
Authors:
endosperm, not pericarp and seedcoat. References to
pericarp and seedcoat in Figures 1-6 were included
only to give the reader a frame of reference. Details
on sorghum pericarp and seedcoat anatomy can be
found in the following publications: Sanders (1955),
Hoseney et a!. (1974), Earp and Rooney (1982),
Rooney eta!. (1983), and Glennie et al. (1984).
D.B Bechtel: Protein matrix as applied to cereal
endosperm storage proteins has come to mean one of
two things: the protein that surrounds inclusions of a
protein body, such as is the case with an aleurone
grain, or the proteinaceous material that results from
the fusion of protein bodies to form the masses of
protein found in wheat, rye, and barley endosperms.
Could you provide the rational for referring to
cytoplasmic remnants as matrix protein when no
cytochemical data is provided to support this notion?
Authors: The proteinaceous material that surrounds
the protein bodies in corn and sorghum has been
commonly called protein matrix by numerous
scientists (Christianson et al. 1969, Seckinger and
Wolf 1973, Hoseney et al. 1974, Rooney et a!. 1983,
Taylor et a!. 1984). Early research has shown that
the matrix is proteinaceous, but its origin has not
been determined. This manuscript attempted to
identify that origin. While the term "pretein matrix"
may not be botanically correct, it is the term of
common usage among cereal chemists involved in
corn and sorghum research. Use of another term in
this manuscript would have led to confusion rather
than further clarity in this area.
D.B. Bechtel: Since the endosperm is composed of
individual cells surrounded by cell walls in cereals,
could you explain how "matrix" protein can be
continuous to the center of the grain?
Authors· The terms "continuous" and "discontinuous"
are relative terms used to describe the structure of
the protein matrix. The use of "continuous" in
reference to the protein matrix is in no way meant to
suggest that cell wall does not exist in the endosperm
or that endosperm is not made up of individual cells
but that the matrix within each cell is continuous and
that there is a decrease in the level of this continuity
among cells toward the center of the kernel.

D.B. Bechtel: Since ethanol does not exhibit a critical
point at the temperatures and pressures that were
employed, what transitional fluid was used for
critical point drying?
Authors: In most instances, the dehydrating solvents
are used directly as the transitional fluids .
Originally, transitional fluids were used fOr transfer
of a specimen from a dehydrating solvent to liquid
carbon dioxide.
However, direct exchange from
acetone or ethanol is now the preferred procedure
(Postek eta!. 1980).
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D.B. Bechtel: Figure 12 of 15 DAHB SC283-14 shows
no intact membranes associated with any organelle:
in fact the image is very reminiscent of freezedamaged endosperm tissue. The plasmalemma is
also completely lacking. In fact none of your TEM
micrographs show any intact membranes.
Since
similar procedures were used throughout this entire
study for both SEM and TEM, how can one be
convinced that what you are reporting is nothing
more than tissue preparation artifacts?
Authors: Remnants of the amyloplast membrane are
visible in Figure 12. This is a typical characteristic of
the ruptured amyloplast due to enlargement of the
starch granule (Whistler et al. 1957). While there is
some damage to the plasmalemma, the protein body
and mitochondrial membranes are fully intact.
Figure 14 also shows intact protein body membranes
and endoplasmic reticulum which are evidence of
minimal damage to the specimen.
D.B. Bechtel: Where are the mitochondria in Figure
14?
Authors·
While the manuscript describes an
abWldance of mitochondria being present in the outer
endosperm cells, the micrograph presented was
intended to illustrate the condition of the cytoplasm
rather than the existence of mitochondria. Figure 14
does not contain any mitochondria. Micrographs to
verify all the observations reported were not included
in an effort to keep the manuscript to a managable
size.
D.B. Bechtel: What types of preliminary comparative
tissue handling methods and fixation procedures
were conducted that led you to decide to use the ones
you used?
Authors· It is our assumption that "tissue handling
methods" refers to the handling of tissue prior to
fixation. Procedures for tissue handling and fixation
were chosen after an extensive literature search. The
only alternatives to actual tissue handling procedures
that were used would have been to keep the kernels
at ambient temperatures until fixation or to do actual
fixation in the field. When kernels are left at
ambient temperatures for even short time periods,
extreme sample dehydration occurs.
The latter
method is impractical for safety reasons.

This suggests that it is actually those levels of protein
that do make a difference.
D.B. Bechtel: At young stages of cereal development
there is predominantly cytoplasm present in
endosperm cells with relatively little storage
reserves. Why do your SEM and TEM micrographs
show no cytoplasm? Isn't this suggestive of severe
fixation problems?
Authors:
As is the nature of SEM sample
preparation, any aqueous cytoplasm present in the
cell which is not attached by membrane to larger
components in the cell or has not been dried down to
a protein matrix will either be removed or presented
in the form of debris on cell components. TEM
methods on the other hand have the ability to
preserve the cytoplasm closer to it's natural state.
The primary intent of the SEM work was to observe
the protein matrix which appears in later stages of
seed development. It was successful in doing that.
D.B. Bechtel: Since protein bodies in sorghum are of
similar dimensions as lipid droplets, mitochondria,
microbodies and young type b amyloplasts, how can
you be certain that the structures you are calling
protein bodies in your SEM figures are indeed protein
bodies since no cytochemical tests were performed?
Authors· Conclusions about the identity of protein
bodies in SEM micrographs were made on the basis of
size, shape and response to electron beam. Figures 1·
6 show a clear difference in size between starch
granules and protein bodies. Unlike wheat, sorghum
has not been reported to have two different
populations of starch granules which differ in size
and appear at different stages of development. TEM
micrographs have shown that even at 15 DAIIB,
mitochondria and microbodies are much smaller than
protein bodies with mitochondria typically having an
oblong shape. Lipid droplets are quite rare in
sorghum endosperm which has a percent fat level of
only 0.6% (Hubbard et al. 1950). While there may be
some confusion between cell components using SEM
due to the nature of the method, by and large, it is
not difficult to differentiate between protein bodies
and other components.
D.B. Bechtel: You state that protein body membranes
were in some cases continuous with RER, but you do
not provide any data to support this observation.
Would you provide a micrograph that shows the
direct connection between these two membrane
systems?
Authors:
Taylor et al. (1985) have previously
published this work. The authors feel that the
addition of more material to this already lengthy
manuscript is unnecessary.

D.B. Bechtel:
The choosing of the samples in
studying grain hardness is very critical; they need to
be as similar to each other as possible yet differ only
in hardness. Protein content should be as close to

~~~\:~f~~~~~e~n~isc~~~~~ ~~Jh~e~:~~~ ~eru1r~

percentage points difference in protein content
between them, couldn't you be describing differences
in protein concentration rather than hardness?
Authors: The varieties used in the study were
chosen for three reasons 1) they are all normal
varieties (rather than mutants) 2) They have typical
characteristics of soft, intermediate and hard kernels
in terms of kernel size, density and panicle shape. 3)
They had clearly different textures according to
Stenvert
hardness
determinations.
While
theoretically, you are correct that samples should
differ only in hardness, this was not possible from a
practical standpoint. In reviewing the literature, it is
clear that in general harder sorghums have higher
levels of kafirin in the endosperm than soft sorghum.

D.B. Bechtel: Throughout the paper you discuss how
the concentration of various components has changed.
Since these determinations are being made from
micrographs, would you describe the stereology
techniques employed to obtain this quantitative
information?
Authors:
All inferences about concentrations of
components were strictly made by visual observation.
The assumption was made that if the sample were
observed through a number of planes and similar
concentrations were observed, then an inference
about concentration of cellular components could be
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made. While no biochemical evidence was provided,
the montages (Figures 1-6) are strong evidence for
differences in concentration of cellular components
among different regions of the endosperm.
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